Our purpose was to determine differentiation markers of an in vitro co-culture model in which fibroblasts grown in a three-dimensional nylon mesh were recombined with human keratinocytes. The cultures were kept for 5 weeks and then processed for electron microscopy and immunochemistry. The specimens revealed an epidermis, a basal lamina, an anchoring zone, and a dermis. Epidermal differentiation was confiimed by the presence of K10-keratin, trichohyalin, and fiiggrin. The basal lamina contained Type IV collagen, laminin, nidogen, and heparan sulfate. Type IV collagen, laminin, and nidogen were also noted in the extracellular matrix. Type VI collagen was present in the anchoring zone and also gave a reticulated pattern in the rest of the dermis. There was a heavy signal for tenascin and fibronectin throughout the dermis. Osteonectin was restricted to the epidermis and dermal fibroblasts. Fibrillin stained at the anchoring zone and dermis but elastin and vitronectin were negative, suggesting early formation of elastic fibrils. Collagen fibrils stained for T p I, III, and V, as well as the amino propeptide of Types I and III procollagen, suggesting newly synthesized collagen. Decorin was present throughout the dermis. The model described appears suitable for in vitro reconstruction of the skin and may be useful to study the development of various supramolecular skin structures. 
Introduction
There have been many attempts by various investigators to develop an in vitro skin analogue model suitable for studies in skin biology, pharmacology, toxicology, and for treatment of skin wounds. Several models proposed consisted of keratinocytes recombined with mesenchymal components such as (a) fibroblasts grown in a contracted Type I collagen gel (I), (b) lyophilized collagen-glycosaminoglycan membranes cross-linked by chemical agents (2), (c) dead porcine dermis (3), and (d) human de-epidermized dermis that retained its basal lamina (4). Epidermal morphogenesis and expression of differentiation markers were markedly enhanced when keratinocytes were grown in an air-liquid interface culture ( 5 ) . In all of these models there was good reconstruction of the various epidermal layers, and many expressed various differentiation markers, such as keratins 1 and 10, involucrin, filaggrin, and transglutaminase (6). However, none of the models showed a continuous basal lamina and an anchoring zone. More recently, fibroblasts grown in a nylon mesh, when recombined with human keratinocytes in an air-liquid interface culture, resulted in epidermal morphogenesis and formation of a basal lamina (7) . Electron microscopic studies
Materials and Methods
The keratinocyte-dermal co-cultures were grown at Advanced Tissue Sciences (La Jolla, CA) and shipped on nutrient agarose to our laboratories. The culture medium and conditions were previously reported (7.9) . Fibroblasts and keratinocytes from human neonatal foreskin were isolated by sequential trypsin and collagenase digestion and expanded as a monolayer culture. Fibroblasts were seeded onto nylon mesh 8 x 8 cm and kept in culture for 26 days in DMEM containing 10% calf serum and 100 pglml ascorbic acid. At the end of the culture period fibroblasts were embedded in a rich extracellular matrix that closely resembles the in vivo situation (10) . Keratinocytes were seeded onto the dermal substrate and grown submerged for 1 week, followed by a second growth period in an air-liquid interface in DMEM containing 5% fetal calfsenun, 100 pg/ml ascorbate, and 0.5 pg/ml hydrocortisone. After a 3-5 week growth period. the meshes were cut with a laser beam into 11 x 11 mm pieces, placed on agarose containing growth medium, and shipped at room temperature (RT) for overnight delivery. Cultures were then removed from the agarose and fixed in Karnovsky's medium for electron microscopy. Semi-thin sections or cryopreserved sections were used for immunofluorescence microscopy.
Human embryonic skin (18 weeks) was obtained from spontaneous abortions and adult skin from post-mastectomy specimens.
Source of Antibodies. Antibodies used to determine differentiation products of the epidermal laver, basal lamina-anchoring zone, and the remainder of the extracellular matrix were purchased or were gifts from a colleague. Anti-human vitronectin was purchased from Telios (San Diego. CA) (26) . Tenascin was a gift of Harold Erickson (27) .
Epidermal differentiation was determined with keratin marker antibodies provided by T.-T. Sun: K-10, a marker for skin suprabasal cells 
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Electron Microscopy. CO-cultures were removed from medium and approximately 1 mm of the periphery of the mesh was trimmed, leaving only the central portion. Samples were fixed in Karnovsky's solution for 4 hr at RT (31). post-fixed in ferrocyanide-Os04 for 1 hr, then stained en bloc for 1 hr each in an aqueous solution of 1% phosphotungstic acid followed by 2% uranyl acetate (32). Samples were dehydrated in graded ethanols and embedded in Spurr's resin in a flat embedding mold. On embedding, meshes were rotated at a 45" angle with the point of each square opening aligned towards the knife edge. An opening within the mesh was selected and the block was rough-trimmed with a razor blade. Holding the block with one hand, with a light source from below, the nylon was carefully trimmed from the sides of the chosen opening. This left only the embedded cells and their matrices. Semi-thin and ultra-thin sections were cut with a diamond knife on a Sorval MT-2b ultramicrotome and examined in a JEOL EM 100 electron microscope. Semi-thin sections were stained with toluidine blue.
Immunofluorescence Microscopy. Immunofluorescence microscopy of recombinant specimens was achieved by cutting the nylon mesh into small pieces 3-4-mm square. The pieces were lightly drained of tissue culture medium and frozen in Tissue Tek OCT embedding compound (Miles Labs; Elkhart, IN). Frozen sections 5-6 hm thick. with the mesh cut as one would section skin orthogonally, were collected on polylysine-coated slides and fixed for 5 min in cold acetone (-2O'C). After a 5-min wash in two changes of PBS (Sigma) the sections were challenged with the primary antibody in a moist chamber at 37°C for 30 min. Excess antibody was removed in two changes of PBS. Appropriate secondary fluorescein-conjugated antibody was applied for 30 min at 37°C. After washing mice in PBS, the slides were drained and coverslipped with Aquamont medium (Lerner Laboratories; Pittsburgh. PA) and examined with a Nikon microscope equipped with epifluorescent illumination. Controls consisted of non-immunized serum from rabbits and mice.
Results

Electron Microscopy
Semi-thin sections revealed three distinct areas: an epidermis, a dermis, and a lower region, consisting of multilayers of fibroblasts ( Figure 1) . The epidermis revealed a distinct basal layer consisting of two or three layers of polygonal cells, a squamous layer consisting of four or five layers of elongated cells, and a granular-corneal layer. The dermis consisted of a network of fibroblasts embedded in a rich extracellular matrix. The lower layer consisted of many fibroblasts packed together with their long axes parallel to the epidermis. Electron microscopy of the epidermo-dermal area revealed (a) basal keratinocytes with tonofilaments and hemidesmosomes, (b) a lamina lucida containing anchoring filaments, (c) a distinct continuous lamina densa, and (d) an anchoring zone containing anchoring fibrils, elastin-associated microfibrils (10 nm) and thin 30-40-nm collagen fibrils, as previously reported ( Figure  2a ) (8) . The lower layer revealed multiple layers of fibroblasts containing many pinocytotic vesicles and a well-developed RER con- , qsisting of narrow parallel cysternae (Figure 2b ). These cells were separated by narrow spaces containing small amounts of thin collagen fibrils.
Immunochemistry
Indirect immunofluorescence microscopy was carried out with keratinocyte-dermal co-cultures containing an epidermal layer, a basal lamina, an anchoring zone, and an extracellular matrix (ECM). In these cultures keratinocytes were added after the fibroblasts had been cultured for 4 weeks and the co-culture was maintained for an additional 5 weeks.
Epidermal Layer. Keratinocyte differentiation was estimated by the presence of K-10 keratin, a-trichohyalin. and filaggrin. K-10 keratin antibodies labeled suprabasal cells up to the granular layer but did not stain the basal cells (Figure 3) . Most suprabasal cells were elongated, with their long axes parallel to the surface, and showed staining of the entire cytoplasm except for nuclei ( Figure  3a) . The upper level gave a different pattern consisting mostly of thin streaks parallel to the surface. a-Trichohyalin was noted in the upper layers staining long, narrow cells (Figure 3b ). This area also stained for filaggrin but the pattern was less continuous, showing various interruptions (Figure 3c ). Staining with rabbit serum from non-immunized animals was negative (Figure 3d ).
Basal Lamina. The junction between the keratinocyte layer and the extracellular matrix stained for Type IV collagen, laminin, nidogen, and heparan sulfate (Figure 4) . However, there were some differences in the fluorescence patterns. Type IV collagen and laminin stained not only the area corresponding to the basal lamina but also the entire extracellular matrix, suggesting strong participation by fibroblasts. Heparan sulfate was more restricted to the basal lamina, with a few streaks in the extracellular matrix (Figure 4c ). Nidogen stained the basal lamina but not as intensely as laminin or Type IV collagen. However, there was significant staining of fibroblasts with nidogen. throughout the upper extracellular matrix (Figure 4d ).
Anchoring Zone and Dermis. Type VI1 collagen was demonstrated as a thin band at the epidermo-dermal interface ( Figure  5a ). Type VI collagen not only appeared as a distinct band at the anchoring zone but also showed staining of fibroblasts and a reticulated network throughout the entire dermis (Figure 5b ). Fibronectin stained uniformly for the anchoring zone and dermis ( Figure  5c 5d). Fibrillin stained the anchoring zone and the rest of the dermis in a reticulated pattern (Figure >e) , although elastin stains were negative ( Figure Sf) . Tenascin was present throughout the entire extracellular matrix (Figure 5g ). Interstitial collagen fibers stained for Types I, 111, and V collagen in a similar pattern (Figures 6a-6c) . Furthermore, collagen fibrils appear to retain the aminopropeptides of Types I and 111 procollagen (Figures 6d and be) . Decorin also stained the entire extracellular matrix (Figure 60 . A comparison of the keratinocyte-fibroblast co-culture model with human embryonic and adult skin is shown in Table 1 . These data suggest that the keratinocyte-fibroblast model is similar but not identical to human embryonic skin (18 weeks). This is suggested by the presence of the amino propeptide of Type I procollagen (33) and the absence of vitronectin and elastin. On the other hand, there were differences with the embryonic skin specimen in the distribution of Type IV collagen, laminin, nidogen, and tenascin. 
Discussion
Previous studies have shown that fibroblasts grown in a threedimensional nylon mesh readily attach to the mesh, proliferate, and form a dermal model (9,lO). The cells arrange themselves in a parallel fashion and create well-demarcated intercellular chambers where a rich ECM is deposited. The ECM contains collagen fibrils arranged in bundles, large numbers of elastin-associated microfibrils (10 nm) and filamentous and homogeneous electrondense materials to be identified (10). The present study shows that the above dermal model containing metabolically active fibroblasts within an extracellular matrix, when recombined with keratinocytes, supports epidermal morphogenesis and differentiation and the formation of a basal lamina and an anchoring zone (8) . Epidermal differentiation was confirmed by immunocytochemistry of keratins. K-10 keratin was demonstrated in the suprabasal layer and is a marker for terminal differentiation. Antibodies against filaggrin and profilaggrin recognize keratohyalin granules and the stratum corneum (34). Trichohyalin, which is associated with filaggrin, was also noted in the granular layer of our model.
The most important achievement of this model was the development of a basal lamina and an anchoring zone. An incomplete, fragmentary lamina densa was noted in 3-week co-cultures. However, by 5 weeks most areas showed a distinct lamina densa, separated from basal keratinocytes by a lamina lucida (8) . Type IV collagen, laminin, nidogen, and heparan sulfate were present at the interface area. Type IV collagen, laminin, and nidogen showed not only staining of the epidermis-ECM interface but also significant staining in the rest of ECM. Heparan sulfate was mostly restricted to the interface, although some straining was noted in the ECM. It is noteworthy that during embryonic development of the gastrointestinal tract, Type IV collagen and laminin appear to originate from the surrounding mesenchyme as demonstrated by in situ hybridization studies (35). On the other hand, heparan sulfate appears to originate exclusively from the epithelium (36). Nidogen was noted at the interface between the epidermis and ECM but a strong signal was also present in fibroblasts. Nidogen is the bridging protein for Type IV collagen, laminin, and heparan sulfate (37).
Preliminary studies in our model suggest that most if not all of the nidogen derives from the dermis (manuscript in preparation). Type VI collagen was present at the epidermo-dermal junction, within fibroblasts, and throughout the entire ECM in a reticulated pattern, a distribution similar to that reported in normal human Fibronectin was widely distributed throughout the entire ECM, without any specific predilection for the epidermo-dermal junction, a pattern similar to that in normal skin where fibronectin is found in the papillary layer and within collagen bundles (38). The anchoring zone in this skin culture model is characterized by three supramolecular structures: anchoring fibrils, bundles of 10-nm microfibrils, and a network of thin collagen fibers (8) . At 5 weeks distinct staining for Type VI1 collagen was noted at the epidermo-dermal interface. The distribution of microfibrils was determined with antibodies against fibrillin (39). Although we did not discern "candelabra" formation at the epidermo-dermal junction as seen in vivo (25) , there was a band distribution in that area and a reticular network in the rest of the ECM, similar to that in normal human skin. Since elastin and vitronectin were not present, the fibrillin-positive material probably represents an early stage in the development of elastic fibrils. The presence of tenascin throughout the ECM suggests that our model represents a transitional state in embryonic development. Tenascin in human skin is restricted to the epidermo-dermal junction and may be important in the formation of epithelial-mesenchymal interfaces (27) . Immunochemistry of interstitial collagens revealed Types I, 111, and V collagens, and it is very likely that these various collagens are present in each single collagen fibril (13). The presence of the amino propeptide of Type I procollagen throughout the entire ECM sug gests active fibriilogenesis as seen in human embryonic skin (33). It is noteworthy that collagen fibrils near the epidermo-dermal junction are thinner than those in the lower levels, suggesting an epidermal component in the regulation of fibril formation (8) . This organization resembles the in vivo situation whereby reticulin fibrils are concentrated in the epidermo-dermal junction. Decorin appeared to coat all collagen fibrils in our model, as reported previously for embryonic and adult human skin (14). The keratinocyte-dermal culture used in this study appears a suitable model for in vitro reconstruction of the skin. Compared with other existing models (1,2,4,5), the most striking difference is the development of a basal lamina and a well-defined anchoring zone containing anchoring fibrils, elastin-associated microfibrils, and fine collagen fibrils resembling reticulin (8, 10, 40) . This model should be useful to further clarify the role of epithelial-mesenchymal interactions in epidermal differentiation. Furthermore, it is also suitable to study the development of various supramolecular structures such as the basal lamina, anchoring filaments, anchoring fibrils, and elastin-associated microfibrils. 
Literature
